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Hiroshi Matsuzawa, Hemanta Hazarika and Masahiro Sugimura
Department of Geotechnical and Environmental Engineering, Nagoya University, Nagoya, Japan

SYNOPSIS: A numerical study is conducted to examine the dependency of the mode of movement of retaining wall on the
dynamic earth pressure by using double shear band formulations. The active state has been defined to be at that stage when
the backfill forms either a clear failure wedge or a banded zone. The results of the analyses have been compared with the
experimental observations as well as with the classical theories. Failure pattern of the backfill is seen to be governed by the
wall movement modes. In addition, the domain of the failure zone is found to increase with the increase of the acceleration
level.

INTRODUCriON

DOUBLE SHEAR BAND FORMULATION

The determination of dynamic stresses exerted against a
retaining structure assumes significant importance especially
in the vicinity of port facilities where earthquake of high
intensity can bring catastrophe to adjoining infrastructures
and consequently to human lives. Ever since Terzaghi
pointed out the fallacy of the classical earth pressure theory
enunciated by Coulomb, attentivn of the research
community in the field of earth pressure has been focused
on the dependence of the earth pressure on the modes of
movement of the wall. Experimental observation by various
researchers have led to the conclusion that the magnitude
and the distribution of the earth pressure as well as the point
of application of the resultant are influenced by the kinds of
movement the wall experiences under static or dynamic
loading. However, numerical model to simulate this
dependency is still at it's infancy. This research is an attempt
to provide momentum in that direction.
Progressive failure analyses such as earth pressure analysis
should take into account the deformations which tend to
concentrate along bands called shear band. Element
possessing such shear bands are named as cracked element (
Kawamoto and Takeda, 1979). Pietruszczak and Mroz
(1981) introduced the plastic shear band theory to analyze
the behavior of strain softening materials. Later Pietruszczak
and Stolle (1987) extended and modified the smeared shear
band approach to include more complex strain softening
model that account for finite strain and rotation within the
shear band. In this treatise, shear band of certain thickness is
assumed to exist in an element undergoing localized shearing
and analyses incorporating this shear band are performed to
model the post bifurcation behavior from an initial uniform
deformation to a non-uniform deformation inside the planar
band. In the analyses the cracked element has been modefed
using two shear bands by extending the shear band theory of
Pietruszczak and Mroz where only one shear band was used.

Once localized shearing takes place, the post bifurcation
behavior can be idealized as pseudo-uniform deformation
using smearing technique [Pietruszczak and Mroz (I 981 ),
Pietruszczak and Stolle (1987)]. However, theoretical
evidence supports the existence of two bands alono which
the strain is localized. Experimentally also it is co~firmed
that if coaxiality of the ends of lhe sample is imposed by the
apparatus generally two shear bands will be observed
crossing each other (Desrues, 1990). Hence for an element
undergoing localized shearing the effect of both the shear
bands should be incorporated in the analyses.
Considering a triangular element, at bifurcation point the
element can be assumed to be composed of three subelements as shown schematically in Fig. 1. Such an element
will be called cracked triangular element. The strain rates
generated inside each sub-element are also shown in the
figure. The inclinati·ons e, and e~ of the two bands with the
X axis are given by the following relations.

e = e'-.:::.._1.
4 2

(l)

I

(2)
where e' _is the angl_e between the minor principal plane and
the X axts and <P IS the angle of internal friction of the
material.
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Fig. 1. Cracked Element with Two Shear Bands
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Considering finite deformation within the band, the
constitutive relations for the two bands are given by the
following relations"in the {x,y} coordinate system.

r
r- r

For Band I:

-~ = H1 [ct crl

(3)

For Band II:

-dz = H1 Cz <Yz

(4)

(12)

In which A is a constant representing failure, B is the
material constant and eP is the plastic distortion. The
dilatancy parameter 11 can be determined from the equation
given below.
K:-K:
Tj=--c
1-KKc

cr

in which d and
represents the rate of deformation tensor
and the Jaumann rate of stress tensor respectively. H is the
plastic modulus. [c,] and [cz] are the compliance matrices
for the band I and the band II respectively. Expressing
6', and 6' 2 in terms of Couchy' s stress rate 6' and after some
transformations render the following equations.

(13)

where Kc is the constant defining the zero dilatancy state.
The softening function assumed to be of following
exponential form (Pietruszczak and Stolle, I 987).
(14)

(5)
(6)

in which I is the unit tensor and ~ is given by the following
expression.

(7)
0 1 and 0 2 are defined by angles 9 1 and 9 2 obtai ned by
substituting the value of 9 in the expression given below.

where Y!, is the dilatancy parameter, C is the material
constant and yP is the plastic shear strain that accumulates
within the band after inception.
MODEL SIMULATIONS
The University of Washington's shaking table and retaining
wall assembly has been employed in the simulation. The two
dimensional finite element discretization of the experimental
model is shown in Fig. 2. As shown in Fig. 3 three kinds of
movement of the wall are considered in separate analyses,
namely: translation (T), rotation about the base (RB) and
rotation about the top (RT).

8 ={-sin (-8)cos( -9), sin( -9)cos( -9), ( cos 2 (-9)- sin 2 ( -S))} T
/WALL

(8)

/BACKFTLL

Introducing the smearing factor ~ defined to be the ratio of
the area of the shear band to the area of the element, the
infinitesimal plastic strains in the two sub-elements can be
expressed as,

(10)

Substituting the Eqs. (5), (6), into the Eqs. (9) and (1 0) and
then using Fig. 1 the constitutive equation takes the
following form.

H[C"]}.5_d
~
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Fig. 2. Finite Element Discretization of the Experimental
Model

I

(11)

c
~r··.
~~

I I .:.

1/.·.·.·.·.·

in which C is the elastic part of the compliance matrix
obtained using Young's modulus E and Poisson's ratio v.
The Mohr-Coulomb yield criterion is adopted in the
constitutive description. The hardening function is assumed
to be of the following hyperbolic form.
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Fig. 3. Wall Movement Modes
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Interface elements are introduced between the wall and the
backfill soil to simulate the frictional behavior and idealized
suitably to avoid separation during the active movement of
the wall (Matsuzawa et al., 1994).
METHOD OF ANALYSES
The analyses are performed in time domain. Wilson's theta
method is used in the time incremental procedure to
calculate the dynamic increment. This increment has been
added to the static increment due to the displacement of the
wall. Only sticking and slipping mode of the interface is
considered. During the analyses whenever the value of wall
friction angle exceeds the measured maximum value in the
experiments, the shear stiffness value of the interface
element is reduced until convergence is achieved in an
iterative procedure. Material parameter values of the
backfill soil used/assumed in the analyses are tabulated in
Table 1.

~

d=O.l mm

t-:/'/:. . J

d = 0.15 mm

~

d=0.3mm

~

d=0.52mm
Mononobe-Okabe's
Surface

(a) Translation (T)

[';::·.:.-:J

e = 2 x 10 -• rad
e = 10 x 10 ·• rad

~

8 = 15 xlo-• rad

~

8 = 20 x 10 -• rad

Table!. Material Parameters Values of the Backfill Sand
Parameters
Elastic Parameters
Young's Modulus E (kgf I em")
Poisson's Ratio v
Deformation Parameters

B

c

Values
220
0.3

(b) Rotation about the base (RB)

0.005
0.05

~

B=lxlo-•rad

0.258

f:·.:. .:.:.-..'.:. . ·.J

e = 2 x 10 -4 rad

0.268

~

8 = 6 x 10 -• rad

m:.?:.§

8=12xw-•rad
Mononobe-Okabe's
Surface

Dilatancy Parameters
lCc

T],
Failure Parameter

A

0.643

Smearing Parameter

~

0.4 X 10-s

(c) Rotation about the top (RT)
RESULTS AND DISCUSSION

Fig. 4. Spread of Failure Zone for Different Modes
(Acceleration 200 gals)

Spread of Failure Zone

failure surf~ce predicted by Mononobe-Okabe's theory is
also shown m the same figures for comparison. When the
backfill forms either a clear failure wedge or a banded zone
that stage is considered to be the active state.
Fig. 5 shows the failure zone in the case ofT mode at the
acceleration of 400 gals. It can be observed that the domain
of the banded zone spreads towards the right with increase
of acceleration level. Another point to be noted is that the
displacement of the wall required to reach the active state
under the acceleration of 400 gals does not differ
significantly from that of 200 gals.

Figs. 4(a)-4(c) show the spread of failure zone at different
stages ~f wall movement for the acceleration of 200 gals.
The fatlure zone of the backfill sand unfolds some
interesting points. In the case ofT mode the failure zone
develops simultaneously from the top as well as from the
bottom and ultimately joins to reach the final state. In the
case of RB mode the failure starts from the top and
advances towards the bottom, while for RT mode it initiates
at th~ bottom and starts moving towards the top of the
back.ftll. The presence of non-failing elements at the top for
RT mode can be attributed to the role of arching in this
kind of movement of the wall. In addition, while for RB
and RT mode the backfill forms a clear failure wedge
representing Rankine's type of failure, for T mode the
failed elements tend to concentrate in a banded zone. The

Coefficient of Dynamic Active Thrust
Fig. 6 shows the variation of the coefficient of horizontal
component of dynamic active thrust, KA£ with acceleration
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Relative Height of Dynamic Active Thrust
Fig. 7 summarizes the relative height of the point of
application (hI H)AE of the resultant active thrust as a
function of acceleration level for different wall movement
modes at maximum inertia force. It can be observed that for
the RB mode the (hI H)AE has the lowest value, while for
the RT mode it is the highest and the T mode values lying
intermediate confirming the experimental observations of
Ishibashi and Fang ( 1987).

TMode
d= 0.1 mm
d 0.15 mm
d= 0.3 mm

=

d =0.50 mm
Mononobe-Okabe's

CONCLUDING REMARKS
Fig. 5. Effect of Acceleration on Failure Domain
(Acceleration 400 gals)

The double shear band technique presented in this paper can
capture the progressive failure phenomena behind retaining
wall better than the conventional FEM analyses. The
following conclusions can be drawq through this numerical
technique.
(1) The Mononobe-Okabe's slip surface approximately
coincides with the envelope of the failure zone.
(2) The active state can be defined as that state when the
backfill forms either a clear failure wedge or a banded
zone. The wall movement modes govern this failure pattern
of the backfill. The domain of the failure zone is a function
of _the input acceleration.
(3) The dynamic active earth pressure coefficient KA.E and
the relative height of the point of application of the resultant
active thrust (h I H) A.E depend on the mode of movement of
the wall, which the classical theories are unable to explain.
(h I H) AE also varies with the acceleration level.

at the maximum inertia force along with the experimental
values. The results from Logarithmic Spiral Method
(Matsuzawa et al., 1994) are also plotted in the figure. It
can be seen that the RB mode gives the highest and the RT
mode gives the lowest value of KAE. The RT mode values
are close to the ones obtained from Logarithmic Spiral
Method.
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